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Abstract. Meteorological measurements were performed in
a prominent ice cave (Eisriesenwelt, Austria) during a full
annual cycle. The data show the basic features of a dynami-
cally ventilated cave system with a well distinguished winter
and summer regime.
The calculated energy balance of the cave ice is largely de-
termined by the input of long-wave radiation originating at
the host rock surface. On average the turbulent ﬂuxes with-
draw energy from the surface. This is more pronounced dur-
ing winter due to enhanced circulation and lower humidity.
During summer the driving gradients reverse sign and the as-
sociated ﬂuxes provide energy for melt.
About 4cm of ice were lost at the measurement site during
a reference year. This was due to some sublimation during
winter, while the major loss resulted from melt during sum-
mer. Small amounts of accumulation occurred during spring
due to refreezing of seepage water.
These results are largely based on employing a numerical
mass and energy balance model. Sensitivity studies prove re-
liability of the calculated energy balance regarding diverse
measurement uncertainties and show that the annual mass
balance of the ice strongly depends on cave air tempera-
ture during summer and the availability of seepage water in
spring.
1 Introduction
Ice caves were deﬁned as rock caves containing seasonal and
perennial ice (Ford and Williams, 1989). Only few of them
contain ice bodies in excess of 100000m3 (Silvestru, 1999).
Therefore cave ice cannot have the global relevance of other
cryospheric components regarding e.g. climate-induced sea-
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level changes. However, cave ice serves as a local re-
source (water, tourism), its degradation may destabilize un-
derground and it preserves environmental information which
remained largely unexplored so far.
Ice caves are known from all climate regions outside the
tropics and are classiﬁed according to their geological ori-
gin (limestone, sea erosion, lava tubes) or regime of air ﬂow
(static or dynamically ventilated). Notably ice caves are also
found in areas without permafrost i.e. at altitudes with an an-
nual outside air temperature above 0 ◦C. Depending on the
cave morphology this is due to accumulation of cold air or
unidirectional advection of cold air into the cave during win-
ter (Ford and Williams, 1989; Luetscher and Jeannin, 2004).
Several species of cave ice have been distinguished
(Wigley and Brown, 1976; Ford and Williams, 1989;
Luetscher et al., 2005) which are mainly determined by dif-
ferent formation processes (snow metamorphosis, ice intru-
sion/extrusion, refreeze of dripping and ponding water, hoar
frost, inclusion in clastic sediments). Due to the unique en-
vironmental conditions (darkness, damped atmospheric sig-
nals, seepage water instead of atmospheric precipitation, no
major mechanical stresses) cave ice is characterized by spe-
ciﬁc physical and chemical properties (Citterio et al., 2004;
Hausmann and Behm, 2010; May et al., 2011). There-
fore cave ice deposits are also considered as paleoclimate
archives, which may be deciphered by stratigraphic or sta-
ble isotope analyses, dendrochronology or palynology. How-
ever, corresponding efforts were often hampered by discon-
tinuous accumulation sequences and according dating prob-
lems (Yonge and MacDonald, 1999; Silvestru, 1992; Holm-
lund et al., 2005; Luetscher et al., 2007; Kern et al., 2009;
Stoffel et al., 2009; May et al., 2011). The already dated cave
ice records span the last millenium and thus provide valuable
climatic information in regions where instrumental records
or other proxies are missing (Stoffel et al., 2009; Holmlund
et al., 2005).
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Fig. 1. View on the Eispalast measurement site (left) and on the meteorological instruments (right).
The sparse long-term observations indicate that the ice
volume decreased in most caves during the past decades
(Mavlyudov and Kadebskaya, 2004; Luetscher et al., 2005;
Erhard and Sp¨ otl, 2010). However, such can hardly be inter-
preted without a thorough understanding of the complex pro-
cesses within the soil-karst-cave system as a whole. For sev-
eral ice caves relevant knowledge exists about the air circu-
lation, but this is often based on rather inconsistent or short-
term observations as well (e.g. Saar, 1956; Pavuza and Mais,
1999; Mais, 1999). Even less is known about the energy and
mass balance of cave ice deposits (Ohata et al., 1994a, b;
Luetscher et al., 2008) indicating a lack on process-oriented
investigations.
This paper deals with the processes related to the en-
ergy balance and the ice development at the distal end of
the ice-bearing section of the Eisriesenwelt cave (hereafter
abbreviated as ERW). ERW is located inside the Hochko-
gel Mountain at the western edge of Tennengebirge, Aus-
tria (47◦300 N; 13◦110 E). The cave has a total length of
ca. 40km with a lower entrance at 1641ma.s.l. and proba-
bly several as yet unexplored upper entrances emerging at
a karst plateau (ca. 2200ma.s.l.). Thus, ERW is a dynami-
cally ventilated cave whose detailed structure is not yet fully
known. Perennial ice occurs within the ﬁrst 700m behind
the lower entrance and the total ice volume was estimated
to ca. 30000m3 distributed across an area of ca. 10000m2
(Silvestru, 1999). The basic features of air ﬂow and ice con-
ditions in this cave were already investigated by Hauser and
Oedl (1923), Gressel (1955) and Saar (1957). Since about
1995 the show cave operators perform long-term temperature
measurements at several sites along the ice-covered section
of ERW. Unfortunately, these measurements are not yet car-
ried out in a homogenous manner. Therefore, they are not
suitable to evaluate eventual long-term trends, though pro-
viding extended insight to the thermal regime in the cave and
its relationship to the outside conditions (Thaler, 2008).
Based on this background a multidisciplinary project was
carried out yielding meteorological and glaciological data
duringafullannualcycle. Section2givesadescriptionofthe
environment at the measurement site, which is followed by
a documentation of instrumentation (Sect. 3) and the model
used to calculate the energy and the mass balance of the ice
(Sect. 4). The results are discussed in chapter 5 focusing on
the meteorological and glaciological conditions at the mea-
surement site, the calculated mass and energy balance and re-
lated sensitivity studies. This work is strongly linked to com-
plementary investigations by Hausmann and Behm (2010),
May et al. (2011) and Sch¨ oner et al. (2010).
2 The site
The measurements were performed at the distal end of the
ice-covered section i.e. in the so-called Eispalast (hereafter
abbreviated as EP). The name derives from a ﬂat and homo-
geneous ice surface, which is located in a hall of ca. 50m
length and about 15m height (Fig. 1). The frontal part of
the hall is conﬁned by two narrow, partly ice-covered and
elevated openings, whereas the distal section develops into
a wide, down-sloping and ice-free gallery. EP itself covers
an area of about 1000m2 and hosts ca. 3700m3 of ice. This
corresponds to about 1/10 of the total ice volume in the cave.
Ground penetrating radar and several drillings to the bedrock
revealed a maximum ice thickness of 7m (Behm and Haus-
mann, 2007; May et al., 2011) and indicate that the ice body
sits in an asymmetrical bowl-like depression. The measured
ice thickness at the location of our investigation is 3.03m
and the surface itself slightly slopes towards the distal mar-
gin. During cave visits we rarely observed dripping water
from the ceiling of the hall. In spring 2009, however, we
noted enhanced seepage water emerging from an ice column
in the rear section of EP (Fig. 1, background), which will be
referred to in a later context.
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ERW is a tourist attraction. However, the measurement
site is situated beyond the visitor’s path where temperature
measurements do not indicate signiﬁcant effects on the ther-
mal regime at this location. Some disturbance of the natural
ventilation regime may be expected due to the closure of a
door at the main entrance during summer, which is negligi-
ble in context of this short-term study. This is due to the
existence of a secondary entrance to the cave and the speciﬁc
aerodynamic conditions at the measurement site (generally
weak and divergent air ﬂow in a large chamber). Notably,
the door is open during winter when the cave environment is
truly undisturbed.
3 Measurements
The data were collected by a speciﬁcally designed weather
station measuring air temperature, humidity, wind speed and
direction at two levels above the ice surface (1 and 4m). Fur-
ther, we measured air pressure, down- and upwelling long-
wave radiation components and ice temperatures at 0.5 and
3m below the ice surface. An ultrasonic ranger was installed
tocontinuouslymonitoricethicknesschanges. Instantvalues
were stored onto a logger in 10min intervals. Figure 1 shows
the measurement site and the setup of the instruments.
The cave was visited nine times between May 2007 and
October 2009 to maintain the sensors, to collect the data
and to perform supporting measurements and observations.
Thereby the mass balance of the ice was also monitored by
stake readings. We also refer to data from the analysis of
an ice core retrieved in June 2007 (density and grain struc-
ture; May et al., 2011). Further observations concern e.g. the
surface conditions or the occurrence of seepage water.
Measurements in cave environments are challenging for
e.g. limited accessibility of suitable sites and related prob-
lems to keep the instruments operative for longer periods.
Further, the natural variability of the relevant environmen-
tal parameters is small and close to the detection limit of
standard sensors. We therefore put essential effort into sen-
sor calibration (laboratory calibration before and after ﬁeld
work, ﬁeld intercomparison at the same level). On the other
hand, cave measurements beneﬁt e.g. from the lack of so-
lar radiation which can not affect temperature or long-wave
radiation sensors. Notable experiences are that ultra-sonic
sensors proved reliable for measuring the mostly low wind
speeds and the small surface height changes. On the other
hand, attempts to measure the discharge of seepage water
entering EP failed as well as one of the ice temperature sen-
sors. The performance of the humidity and radiation sen-
sors may have suffered from condensates or dust, which can
hardly be quantiﬁed. More details about the sensors used
are documented in Campbell Scientiﬁc, Inc. (2011a, b) or
Gill Instruments Ltd. (2011) and speciﬁc issues are discussed
in Sects. 5.2 and 5.4.1. Unfortunately, there was a gap in
the data due to an intermittent failure of the logger in May
2009. Therefore, this study mostly refers to a reference pe-
riod when uninterrupted data are available (December 2007
until November 2008).
4 The model
A one-dimensional numerical mass and energy balance
model is used to simulate the seasonal evolution of the ice
and its interaction with the atmosphere and the underlying
rock (SNTHERM; Jordan, 1991). This model is adaptable
to a wide range of environmental settings and is well estab-
lished in snow and ice research (Rowe et al., 1995; Cline,
1997; Hardy et al., 1998; Gustafsson et al., 2001; Olefs and
Obleitner, 2007; Fox et al., 2008). The ice and rock sub-
strates are described in terms of nodal matrices (ice and dry
solids) and void spaces (occupied by liquid water and satu-
rated air). The model calculates vertical proﬁles of temper-
ature, density, grain size, and liquid water content by solv-
ing the governing equations determining heat, mass, and mo-
mentum exchange within control volumes. Principally, the
model solves the following energy balance equation:
dE
dt
=
H Z
z=0

d
dt
(cp ρ(z)T(z))

dz+LVRF,M
=NR+SHF+LHF+PHF (1)
The left-hand terms represent the rate of the subsurface
changes of internal energy E due to associated changes in
heat content and phase changes. Basically, this involves the
processes related to heat and vapour diffusion, liquid water
transport, and latent heat exchanges due to melt and freeze.
Indirectly these terms also include the inherent uncertainties
which will be addressed in Sect. 5.4.1. The right-hand terms
represent the surface ﬂuxes i.e. net radiation (NR), sensi-
ble heat ﬂux (SHF), latent heat ﬂux (LHF) and heat transfer
by precipitation (PHF). In a cave environment NR is con-
ﬁned to the long-wave components and PHF considers the
thermal effects related to seepage water. The surface ﬂuxes
are deﬁned positive if providing mass or energy to a layer.
The associated changes in mass M (determined by ice thick-
ness H and density ρ) consider precipitation/seepage wa-
ter (P), evaporation/condensation or sublimation/deposition
(E/C) and runoff (RM):
dM
dt
=
H Z
z=0

d
dt
(ρ(z))

dz≈ρ
dH
dt
=P +E/C+RM (2)
A full documentation of the model parameterisations and the
numerical methods is given in Jordan (1991). The model
settings were adjusted to the speciﬁc conditions in a cave en-
vironment. Calculation of the turbulent ﬂuxes is routinely
based on Monin-Obukhov framework and a bulk-transfer pa-
rameterisation following Andreas and Murphy (1986). In our
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Fig. 2. Plan view of the ice-bearing part (light grey) of Eisriesenwelt (left) and seasonal average temperatures along this transect (1 December
2006 until 30 November 2007). Dots denote long-term temperature measurement sites within the cave, triangles denoting air temperature
outside the cave (Feuerkogel, 1618m).
simulations the neutral exchange coefﬁcients are calculated
from a prescribed roughness parameter (0.001m), stability
corrections conform to H¨ ogstr¨ om (1988) and scalar rough-
ness lengths are calculated according to Andreas (1987). The
rock substrate is represented as a soil species with appropri-
ate characteristics (density and thermal conductivity corre-
sponding to that of limestone, air and water transport prohib-
ited). SNTHERM is a snow model and therefore allows for
compaction of layers. As we deal only with ice the according
routines were disabled, which is the only modiﬁcation of the
code.
The model domain is based on 4m of rock material upon
which development of the ice body is simulated in response
to the atmospheric forcing. The initial ice thickness is 3.03m
corresponding to the measured depth from several drillings
to the bed rock. The simulations consider 147 layers (rock
and ice) and the resolution of the grid ranges between 1 and
0.001m, the latter being speciﬁed near the surface and at the
rock-ice interface. To initialize the simulations, vertical pro-
ﬁles of temperature, bulk density and grain size were pre-
scribed throughout the vertical domain. The density proﬁle
is based on analysis of an ice core drilled in June 2007 (May
et al., 2011) and the temperature proﬁle is derived from ice
and rock temperature measurements. The latter were not yet
available at the initialization time and taken horizontally at
the level of the ice surface. Thus they may not be fully rep-
resentative for the actual conditions at the base of the ice. It
is to be noted, however, that the simulations were started at a
time with minimum vertical temperature gradients (Decem-
ber) which is why the inherent uncertainties do not critically
affect the simulations.
The simulations are forced by meteorological data from
the lower measurement level (1m). This is based on con-
sideration of fetch criteria yielding 1–2m as a critical level
where the nearest local roughness changes may induce an
internal boundary (Rao et al., 1974; Bradley, 1988). A cor-
responding sensitivity study proves that using data from the
upper measurement level (4m) does not critically change the
ﬂux calculations. This also indicates that there was no sig-
niﬁcant vertical ﬂux divergence. The simulations were per-
formed on an hourly basis and cover a full annual cycle (year
2008), which henceforth is considered as the reference pe-
riod.
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Fig. 3. Mean monthly values of measured temperatures (air, ice, rock) and humidity (upper panels) as well as of wind speed and vapour
pressure (lower panels) at the EP measurement site.
5 Results and discussion
The following evaluation and discussion of the mass and en-
ergy balance of ice at EP is based on combining observa-
tional data and validated model output. We mainly consider
a so-called reference run which is based on optimum data
covering a full annual cycle (December 2007 until Novem-
ber 2008).
5.1 Local meteorological and glaciological conditions
The climatological conditions outside ERW are character-
ized by an average air temperature of 4.0 ◦C, an average pre-
cipitation of 1836mm and a prevalence of north-westerly
upper air winds. These data refer to the nearest climate
station located at a distance of 50km to the north and at
about the same elevation as the cave entrance (Feuerkogel
1618ma.s.l.; ZAMG, 2010). Evaluation of long-term tem-
perature measurements within the cave show a progressive
attenuation of the outside temperature ﬂuctuations towards
the cave interior (Fig. 2). Thus, the average seasonal temper-
ature variation at EP is only about 1.5 ◦C compared to 6 ◦C
at the entrance and 17 ◦C in the outside atmosphere. These
ﬁndings conform to the observations by Silvestru (1992),
Thaler (2008) and Sch¨ oner et al. (2010).
The average conditions at the measurement site within
the cave are characterized by an air temperature close to
the melting point (−0.45 ◦C), relative humidity at saturation
(99.7%) and low wind speeds (0.14ms−1). Figure 3 depicts
more details in terms of monthly values at several measure-
ment levels in the air and within the ice. Thus, air temper-
atures can be as low as −1.5 ◦C during winter, while being
slightlypositivefromMaytoOctober(+0.1 ◦C).Theextreme
values range between −1.8 ◦C and +0.3 ◦C. The air is sig-
niﬁcantly dryer during winter when wind speeds are higher
(max. 0.6ms−1) and the direction of the air ﬂow features
a clear bimodal frequency distribution with prevailing out-
ﬂow during summer and inﬂow during winter (Fig. 4). Note
that reversals in air ﬂow occur quite often, especially during
winter. The investigations by Oedl (1923), Saar (1957), Sil-
vestru (1999), Thaler (2008) and Sch¨ oner et al. (2010) show
that short-term reversals in air ﬂow are mostly associated
with major synoptic events.
This meteorological regime is rather typical for a dynam-
ically ventilated cave system. Overall, the temperature, hu-
midity and wind measurements reveal a distinct winter and
summer regime terminating in May and November, respec-
tively. This is corroborated by the seasonal pattern of the
air ﬂow (Fig. 4). Cold air is advected into the cave during
winter and cools the host rock to about −1.5 ◦C. Summer is
characterized by a weak outﬂow of colder air from within the
cave. Mean annual air temperature is slightly negative, thus
just matching a basic condition for the existence of perennial
ice. The subzero temperature regime is mainly supported by
advection of cold air during periods of inﬂow during winter
and associated sublimation of ice.
The vertical proﬁles of air temperature and humidity are
subjecttoadistinctseasonalvariability, too. Duringsummer,
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Fig. 4. Evolution of direction (upper panel) and velocitiy (lower
panel) of the air ﬂow at the measurements site. Inﬂow corresponds
to westerly directions, outﬂow to easterlies.
Fig. 5. Mean vertical proﬁles of temperature (air, ice, rock; left) and
vapour pressure (right) measured at the EP measurement site during
the warmest and coldest moth of the year.
we observe inversion conditions and an associated increase
of humidity with height above ice surface (Fig. 5). Ice tem-
peratures are at or close to the melting point and slightly
decrease with depth. This conforms to the usual conditions
above a melting glacier surface (Obleitner, 2000). These gra-
dients reverse sign during winter which is mainly attributed
to advection of cold and dry air from outside the cave. At this
time of the year the deeper ice layers and the rock dome are
warmer than the surface. This development has important
consequences for the energy balance of the ice as will be
shown later.
About 3.5cm of ice were lost during the reference period
(Table 1) and about 90% of this value was achieved during
the melt period lasting from June until November. The re-
mainder occurred during winter which is attributed to subli-
mation. There was no pronounced accumulation period ob-
servable during the reference period which will be discussed
in the subsequent sections.
Table 1. Mean meteorological parameters and energy balance com-
ponents (winter: 1 December 2007–30 May 2008, summer: 1 June
2008–30 November 2008).
year winter summer
air temperature (◦C) −0.44 −1.07 0.01
rel. humidity (%) 99.7 99.4 99.9
wind speed (ms−1) 0.14 0.21 0.09
net radiation (NR, Wm−2) +1.00 +0.47 +1.53
sensible heat (SHF, Wm−2) −0.16 −0.36 +0.04
latent heat (LHF, Wm−2) −0.17 −0.35 +0.02
energy change within rock +0.07 +0.25 −0.12
(GHF, Wm−2)
energy change within ice +0.74 −0.08 +1.47
(dE/dt, Wm−2)
ice thickness change −0.034 −0.002 −0.032
(dH/dt, m)
5.2 Model validation
The following investigation of the energy and mass budget of
ice is strongly based on model output. Figure 6 demonstrates
that the simulation does reproduce the seasonal evolution of
ice thickness, which is considered as a measure of mass bal-
ance. The validating sonic data are representative for a sur-
face area of ∼20cm and have a nominal accuracy of 0.3cm
(Campbell Scientiﬁc, Inc., 2011b). However, effective accu-
racy of the latter is certainly better due to the small tempera-
ture variation and the absence of other disturbances in a cave
environment. Stake measurements are sensitive to reading
errors and the small-scale variability of the surface (Obleit-
ner, 2000). Thus, the indicated increase of ice thickness in
late summer 2008 must not interpreted as an accumulation
event, but is attributed to a single disturbance of the stake
imposing a systematic offset henceforth. As shortcomings of
the simulations we note that sublimation is underestimated
while ablation starts too late and the subsequent melt rate is
overestimated. We could not yet identify the reason for these
deﬁciencies. Fortunately, the individual effects cancel each
other out on a seasonal time scale.
Surface temperature is considered as a key parameter re-
ﬂecting the skill of the model to simulate the processes
determining the energy balance. Comparison with mea-
sured values reveals that the seasonal development of surface
temperature is captured at RMSE=0.18 ◦C and r2 = 0.95
(Fig. 6, upper panel). The annual averages agree within
0.2 ◦C, which roughly corresponds to the effective accuracy
of the associated long-wave radiation measurements (Obleit-
ner and deWolde, 1999). The ice temperatures at 0.5 and
3m below the surface are simulated with a similar skill
(RMSE=0.06/0.15 ◦C; Fig. 6 lower panels). The nominal
accuracy of the validating sensors is speciﬁed as ±0.2 ◦C
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Fig. 6. The development of changes in ice thickness and surface temperature (upper panels) and of ice temperatures 3m and 0.5m below the
ice surface (lower panels).
(Campbell Scientiﬁc, Inc., 2011b), which was improved to
better than ±0.1 ◦C by laboratory recalibrations. The rela-
tively noisy signal reﬂects the digitizing accuracy of the log-
ger extension module measuring these sensors. The results
further show a slight tendency to simulate too high values at
the upper level and too low values at the lower level. In part
this may be related to the inherent uncertainty in relating the
exact position of the measurement levels to the model nodes.
5.3 Energy and mass balance
Table 1 points out the overall small magnitude of the cal-
culated energy balance components compared to outside
snow/ice environments (e.g. Greuell et al., 1997; Obleitner,
2000; Suter et al., 2004; Hock, 2005; Armstrong and Brun,
2008; Giesen et al., 2009). This is essentially true for net
radiation which in a cave environment is constricted to the
long-wave components. Nevertheless, long-wave radiation
constitutes the most signiﬁcant source of energy for the sur-
face. This is related to the overall higher temperature of the
cave ceiling compared to the ice surface (Fig. 3).
On average the turbulent ﬂuxes both withdraw energy
fromtheicesurface, essentiallyduringwinter(Table1). Heat
ﬂuxes at the lower boundary play an alternating role. Driven
by molecular heat conduction in response to the associated
temperature gradients, the basal rock withdraws some heat
during summer, while providing energy during winter. Heat
transfer by seepage water is negligibly small and therefore
not further considered. The annual net balance of the ﬂuxes
Fig. 7. Upper panel: mean monthly energy balance components
NR (net radiation), SHF (sensible heat ﬂux), LHF (latent heat ﬂux),
GHF (ground heat ﬂux) and total energy balance (dE/dt; lower
panel). Positive signs indicate a gain of energy at the surface.
at the upper and lower boundaries leaves energy to warm and
melt the ice, which is corroborated by the observed decrease
in ice thickness.
Figure 7 demonstrates the seasonal evolution of the en-
ergy balance in terms of monthly values. Net radiation is
positive from April to November, which coincides with the
period of positive rock temperatures (Fig. 3). Net radiation
reaches a minimum in March when successive cold events
penetrate far into the cave and cool the rock surfaces to about
−1.5 ◦C. The turbulent heat ﬂuxes are positive from June to
www.the-cryosphere.net/5/245/2011/ The Cryosphere, 5, 245–257, 2011252 F. Obleitner and C. Sp¨ otl: The mass and energy balance of ice within the Eisriesenwelt cave
November, whenairtemperatureandwatervapourarehigher
than at the ice surface (Figs. 3 and 5). During winter the tur-
bulent ﬂuxes effectively withdraw energy from the surface,
which contributes to an associated cooling and loss of ice due
to sublimation. Molecular conduction within the rock under-
neath the ice is a heat sink during summer, while warming
the ice at its base during the cold season. In response to the
balance of these ﬂuxes the ice experiences an energy deﬁcit
from December until March (Fig. 7, lower panel). However,
this is overcompensated by excess energy during the period
April until November which predetermines the positive sign
of the annual energy balance.
Figure 8 demonstrates that the thermal regime within the
ice is strongly determined by the atmospheric forcings at the
surface. The cooling of the ice in winter is mainly associ-
ated with episodic cold waves which ﬁnally penetrate almost
to the bottom of the ice. The warming phase during sum-
mer is of a more continuous nature and does not reach as far
down. The associated melt water partly soaks the top few
centimetres of the ice or runs off. This is corroborated by
visual evidence during the cave visits. Notably, neither ob-
servations nor simulations indicate basal melt of ice under
current conditions.
Putting these results in a broader context, we may com-
pare them with accompanying investigations by Sch¨ oner et
al. (2010) in the outer parts of ERW (Odinsaal and Pos-
selthalle). They did not measure radiation or calculate the
turbulent ﬂuxes. However, their temperature and humidity
data qualitatively conﬁrm the prevalence of sublimation dur-
ing winter and condensation during summer. The compara-
tively strong gradients (±2 ◦C and ±1hPa) and the higher
wind speeds suggest that the magnitude of the turbulent
ﬂuxes must be larger in the outer cave sections. Further,
there is evidence of a larger variability of the annual mass
balance of ice in the outer parts of ERW (±15cm) compared
to EP. This is mainly attributed to a correspondingly different
meteorological regime (air temperature varying between +2
and −12 ◦C) and topographic effects (sloping surfaces, dif-
ferent water sources).
Evaluating historical photographs at EP, Sp¨ otl et al. (2008)
document that 10–20cm of ice was lost since the 1920s. Al-
though this estimate refers to a location ca. 10m west of our
measurements site, it indicates that the currently observed re-
treat (2–3cmyr−1) is not fully representative on longer time
scales. This is corroborated by ice core analysis revealing
more positive mass balances prior to about 1930 (May et al.,
2011). The latter conforms to similar evidences elsewhere in
the Alps (Luetscher et al., 2005).
Ohata et al. (1994a, b) investigated the energy balance of
perennial ice in a collapsed lava tube on Mt. Fuji (Japan).
They considered monthly data during the period Decem-
ber 1985 to November 1986 and calculated the energy bal-
ance of the whole cave system. The turbulent ﬂuxes were
derived from temperature and humidity in and outside the
cave, net radiation, ground heat ﬂux and refreezing seep-
Fig. 8. Time-depth development of ice and rock temperatures
within the model domain (upper panel) and liquid water content
(kgm−3) in the top 20cm (lower panel).
age water are contained in a residue. Conversion of the
documented data to Wm−2 yields NR+GHF+PHF=2.0,
SHF=−1.6, LHF=−0.8Wm−2. The authors also note a
prevalence of sublimation during winter, a decrease of ice
thickness (−5cmyr−1 from 1989 to 1992) and a consider-
able variability in different parts of the cave.
Luetscher et al. (2008) investigated the energy and mass
balance of perennial ice in Monlesi cave (Switzerland). This
cave experiences similar outside temperatures as ERW and
due to its sag-like topography there is weak oscillating air
ﬂow during summer and unidirectional ventilation during
winter. The authors followed a similar approach as Ohata et
al. (1994a), thus considering the energy balance of the whole
cave system and data for a year with a negative mass balance
(−10cm during 2002/2003). Converting these data to Wm−2
yields NR+GHF=1.0, SHF=−0.5, LHF=−0.4Wm−2.
We are not aware of documented energy balance data from
another ice cave. However, it is remarkable that at least for
these three ice caves (Fuji, Monlesi and ERW) the magnitude
and the sign of the calculated ﬂuxes are remarkably consis-
tent.
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Table 2. Mean energy balance components (Wm−2) for different model settings and resulting changes in ice thickness H (m). Abbreviations
and key descriptions refer to the text, for run mb=0 an amount of 0.05mmh−1 seepage water was applied.
NR SHF LHF GHF dE/dt dH/dt
a) reference 1.00 −0.16 −0.17 0.07 0.74 −0.034
b) t +0.1 0.91 −0.09 −0.12 0.06 0.76 −0.039
c) t −0.1 1.10 −0.24 −0.23 0.08 0.71 −0.030
d) rh−1 1.04 −0.14 −0.26 0.07 0.70 −0.033
e) ws+0.1 1.02 −0.18 −0.17 0.07 0.74 −0.035
f) lw+0.5 1.37 −0.20 −0.21 0.05 1.00 −0.063
g) z0=0.01m 1.02 −0.17 −0.18 0.07 0.74 −0.035
h) without seepage water 0.98 −0.16 −0.17 0.06 0.70 −0.037
i) t +1.5 0.37 0.64 0.31 −0.01 1.31 −0.111
j) t −0.5 1.61 −0.68 −0.63 0.14 0.43 −0.010
k) t +0.1 and lw+0.50 1.28 −0.13 −0.16 0.04 1.03 −0.070
l) mb=0 1.00 −0.17 −0.17 0.07 0.72 +0.001
m) t +0.1 and ws+0.1 0.98 −0.13 −0.15 0.06 0.76 −0.039
5.4 Sensitivity studies
A set of additional simulations was performed by system-
atically changing individual model input parameters. This
kind of studies proved valuable to judge the potential inﬂu-
ence of uncertainties regarding model input and parameteri-
zation (Obleitner and Lehning, 2004). Moreover, the poten-
tial response of the mass balance on assumed environmental
changes can be addressed as well (Oerlemans and Reichert,
2000). Notably, the usually large uncertainties associated
with albedo, turbulent ﬂuxes or metamorphosis do not play a
role in the context of cave ice simulations.
5.4.1 Effects due to uncertainties of the input data
Air temperature was measured with an accuracy of ±0.1 ◦C.
Table 2a shows that this induces signiﬁcant effects on calcu-
lated net radiation and turbulent ﬂuxes compared to the ref-
erence run. A positive deviation reduces calculated net radia-
tion, which via surface temperature is overcompensated by a
smaller energy deﬁcit by the turbulent heat ﬂuxes (Table 2b).
The net gain in energy induces enhanced melt and about
5mm of ice are additionally lost. Consideration of a −0.1 ◦C
deviation saves 4mm of ice compared to the reference run
(Table 2c). Introducing a 1% uncertainty in measured hu-
midity mainly affects the latent heat exchange, but the net
effect on the calculated mass balance is small due to the
compensating response of net radiation and sensible heat ﬂux
(Table 2d). Changes in wind speed within the measurement
accuracy lead to a slightly enhanced mass loss (Table 2e).
Note that the indicated uncertainties correspond to the nom-
inal accuracies of the used sensors (Gill Instruments Ltd.,
2011), while their effective accuracy was certainly better due
to recalibration efforts. Long-wave radiation was measured
to within ±0.5Wm−2 (Obleitner and deWolde, 1999). Port-
ing this uncertainty into the simulation has a strong impact
on the results and almost doubles calculated melt (Table 2f).
Consideration of changes in parameterisation of the turbulent
ﬂuxes (roughness parameter set to 0.01m instead of 0.001m)
did not show signiﬁcant effects on the results (Table 2g).
This is mainly attributed to the overall small magnitude of
the ﬂuxes due to the low wind speeds and the small gradients
of the driving variables, respectively.
Some input data could not be measured appropriately.
This essentially concerns input of seepage water, where
based on optimisation of the reference run an amount of
0.001mmh−1 was prescribed whenever the rock ceiling tem-
perature was positive and surface temperature was negative.
The latter constraints were considered to represent condi-
tions when seepage water is principally available and can
refreeze on the still cold ice surface. A corresponding sen-
sitivity study shows that this saves about 3mm (Table 2h).
Furthermore, there is an uncertainty regarding the input of
the vertical temperature and density proﬁles at the start of
the simulations. As mentioned this was based on ice tem-
perature measurements at two depths only and the rock tem-
perature was derived from near-surface, horizontally aligned
borehole measurements and not at the base of the ice as de-
sired. Density was derived from ice core analysis and bears
an uncertainty in the order of 10% (May et al., 2011). The
potential effects of these uncertainties on the simulated en-
ergy and mass budget are insigniﬁcant as is proven by corre-
sponding sensitivity studies.
Overall, the sign and magnitude of the calculated ﬂuxes
proved robust with respect to conservative estimates of rele-
vant measurement or parameterisation uncertainties. Judging
by a ±10% deviation compared to the reference run, the cal-
culated mass balance is most sensitive with respect to proper
treatment of long-wave radiation, air temperature and input
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of seepage water. This emphasizes that cave measurements
require special effort regarding the choice of corresponding
instruments.
5.4.2 Potential climate impacts
Sensitivity studies may also serve to investigate the energy
and mass balance in response to potential changes in the
environmental conditions. In this context, however, we do
not refer to regional climate scenarios as e.g. put forward by
Zhao (2007). Instead, we focus on a few extremes which
are depicted in Table 2, too. Thus, we ﬁrstly consider a me-
teorological setting where air temperature remains positive
throughout the year. An equivalent increase in air tempera-
ture (+1.5 ◦C, see also Fig. 3) yields an enhanced loss of ice
(10cmyr−1, Table 2i). The reversed sign of GHF indicates
that in this case there would be some melt at the rock/ice in-
terface, too. The contrasting assumption of a decrease in an-
nual temperature (−0.5 ◦C) represents a regime where signif-
icant melt could not occur any more (Fig. 3). Corresponding
simulations indicate that under such conditions there would
still be a decrease in ice thickness (1cmyr−1) which is due
to enhanced sublimation continuing throughout the year (Ta-
ble 2j).
Exemplifying the potential of feedback processes, we re-
call that an increase in outside air temperature will also
change the rock dome temperature and correspondingly
emittedlong-waveradiation. Theassociatedsensitivitystudy
demonstrates that this positive feedback yields an enhanced
effect compared to single parameter changes (Table 2k).
We further consider the response of the calculated annual
mass balance of the ice at EP to monthly changes in tem-
perature and input of seepage water. Increasing the temper-
ature of individual months by 1 ◦C mainly affects the melt
and results in more negative annual mass balances compared
to the reference run (Fig. 9). This is due to enhanced energy
input and a correspondingly longer melt period. The small
saving effect during winter is due to less efﬁcient sublima-
tion. Refreezing seepage water generates less negative mass
balances. To realistically constrain such effects we recall that
theregionalweatherconditionsarecharacterizedbyaprecip-
itation maximum in June and a runoff maximum in May/June
due to snow melt (ZAMG, 2010). Further, the percolation of
meteoric water into the cave requires the existence of open
conduits which can only occur at positive rock temperatures.
To roughly account for these constraints, the respective sen-
sitivity study considers input of seepage water only during
periods when the temperature of the cave ceiling is positive
and the ice surface temperature is negative. The results indi-
cate that seepage water has a major mass saving effect during
spring and to a minor extent in autumn (Fig. 9).
A further study aimed at encompassing environmental
conditions that prohibit any loss of ice. It was already shown
that this cannot be achieved by just reducing annual air tem-
peratures (Table 2j). This is due to ongoing sublimation
Fig. 9. Mean monthly sensitivity characteristics referring
to increased temperature (+1◦C) and input of seepage water
(0.05mmh−1)inrespectivemonths. Theeffectonthemassbalance
is calculated in terms of monthly changes in ice thickness relative
to the reference run.
which must be compensated by considerable input of seep-
age water that refreezes whenever the surface temperature is
negative (0.05mmh−1, Table 2l).
5.4.3 Potential effects of the cave management
ERW is subject to some cave management including closure
of the entrance door during summer (May until October).
The aim of this action is to prohibit the natural outﬂow of
cold air during summer, which is thought to protect the ice.
The actual effect, however, is unknown due to the lack of
speciﬁc investigations. Employing our model for a corre-
sponding study we assume that opening of the door during
summer may increase air temperature by 0.1 ◦C and increase
wind speeds by 0.1ms−1. The simulation results indicate
that closing the door could thus save about 5mmyr−1 of ice
(Table 2m). However this is likely overestimating the actual
effect, because there is a secondary entrance which is not
closed and provides natural ventilation all the year round.
Cavemanagementmayalsoinvolvechangesoflocalwater
supply, which is not documented regarding the EP investiga-
tion site itself. However, Sch¨ oner et al. (2010) indicate that
water management may affect the ice development in outer
parts of ERW.
5.5 Temporal and spatial representativness
The representativness of the reference year 2008 may ﬁrstly
be judged by climate data measured in the ERW environ-
ment. Relevant data (ZAMG, 2010) reveal that the years
2008 and 2009 were among the warmest during the last
decade, the latter year being slightly colder (4.4 ◦C vs.
4.2 ◦C compared to the long-term average 3.6 ◦C). There
was less precipitation during the colder year 2008 (2248 vs.
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1777mm), which experienced more days with a closed snow
pack on the other hand (202 vs. 182 days).
Figure 10 documents the evolution of mass balance for an
extended period (June 2007 until September 2009). Note that
this series covers the complete reference period (year 2008,
dashed lines in Fig. 10) while the later series is interrupted
due to a logger failure. However, the remaining data reveal a
considerableinterannualvariabilityofthemassbalancecom-
ponents. As regards ablation, there is only a small difference
within the two years (3.9cm vs. 3.2cm) while accumula-
tion strikingly differs (negligible in spring 2008 vs. 7.3cm
in spring 2009). This ﬁnding is supported by independent
data (stake and sonic ranger) and is explained by a differ-
ent availability of refreezing seepage water during the two
years. This reasoning is based on observations of an ice col-
umn in the neighbourhood of the measurement site (Fig. 1,
background) where an associated water conduit provided un-
usual amounts of water during spring 2009. This seepage
water gradually spread over the rear parts of EP, thereby re-
freezing at the measurement site, too.
These observations are supported by corresponding model
studies. Recallthatanegligibleinputofseepagewaterisnec-
essary to reproduce the measured mass balance in 2008 (ref-
erence run). As expected, the development during 2009 can-
not be reproduced by a simulation without considerable input
of seepage water in spring 2009. Forcing the model accord-
ingly (0.3mmh−1 of seepage water in May; 0.03mmh−1
in June) indeed captures the observed development. These
ﬁndings are relevant for the interpretation of an ice core re-
covered in the front part of EP (Sp¨ otl, 2008; May et al.,
2011). Note however, that due to the adverse surface slope
the drilling site is hardly affected by seepage water from the
mentioned ice column.
6 Conclusions and perspectives
This work provides a process-oriented assessment of the en-
ergy and mass balance of cave ice based on observations and
numerical modelling. The investigations were performed at
the distal end of the ice-bearing section of Eisriesenwelt cave
(Austria) and cover a full annual cycle.
The meteorological data exemplify the basic characteris-
tics of a dynamically ventilated cave system. Compared to
the outside atmospheric conditions, there is an overall small
seasonal and interannual variability of air temperature, hu-
midity and wind speed. Still there is a distinct winter and
summer regime. Winter is characterized by prevailing in-
ﬂow of cold air which by March cools the rock to subzero
temperatures. There are frequent reversals of air ﬂow which
are related to major synoptic events. During summer there
are slightly positive air temperatures and weak but persistent
outﬂow from the cave interior. The mean annual air temper-
ature is −0.45 ◦C, thereby supporting the existence of peren-
Fig. 10. Measured changes in ice thickness during two successive
years indicating a strong inﬂuence of seepage water in spring 2009.
Dashed lines mark the period of the reference run.
nial ice. This subzero temperature regime is mainly due to
cold air advection during winter.
The vertical proﬁles of air temperature and humidity are
subject to a distinct seasonal variability, too. During summer,
we observed persistent inversion conditions and an increase
of humidity with height above ice surface. During winter, the
gradients reversed sign because of the advection of cold and
dry air from outside the cave.
Ice thickness decreased by 3.5cmyr−1. The major loss
resulted from summer melt and just about 10% was due to
sublimation during winter. Small amounts of accumulation
occurred due to refreezing of seepage water during spring.
The energy balance of the ice is largely determined by in-
put of long-wave radiation originating at the cave ceiling.
On average the turbulent ﬂuxes withdraw energy from the
surface. This is more pronounced during winter because of
enhanced ventilation of the cave and lower humidity. During
summer the turbulent ﬂuxes provide small amounts of energy
that enhance melt. Conductive heat exchange at the rock/ice
interface withdraws energy during summer, while providing
energy to the bottom ice layers during winter. These results
are largely based on employing a one-dimensional numerical
model. The simulations also show that the thermal regime
within the ice is strongly affected by multiple cold waves
during winter, which progress from the surface to about the
ice-rockinterface. Thesummerheatwave doesnotreachthat
far down. There are no signs of basal melt which is important
for the existence of ice under current conditions.
Model sensitivity studies prove the reliability of the results
regarding diverse measurement uncertainties. Moreover, the
annual mass balance and its temporal and spatial variability
are shown to strongly depend on late summer temperatures
and the availability of seepage water in spring.
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Future studies may be directed right towards the latter
topic employing e.g. tracer methods. There is also a basic
need to develop speciﬁc instrumentation and long-term mon-
itoring concepts that may be transferred to other caves, too.
To start with, thermistor strings were installed at EP, aiming
at long-term monitoring of the vertical temperature proﬁles
in the air, as well as within the ice and the host rock, respec-
tively. These investigations are supported by mass balance
measurements using stakes. Accompanying studies revealed
distinctly different atmospheric regimes in other parts of the
caveandrelatedimpactsontheiceconditions. Furtherexper-
iments and modelling efforts are needed to better understand
the associated processes determining the existence and future
development of ice deposits in different cave sections.
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